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Abstract

7 The carrier dynamics of the diode which is related to its electrical power switching
behaviors is investigated in this program. A model is developed where the carrier transport and
Maxwell equations are incorporated and self-consistent electrical field profiles, current density
and carrier profiles are obtained in the PIN diode. Both low and high level optical excitations as
well as low and high applied bias situations can be described by this model. The transient
behavior of the diode switch at different optical energy levels is now well uaderstood, while
conventional theory for photodiodes at low level excitation and at low bias cannot be applied to
cases for high level excitation and high bias. As a circuit element, the rise time of the switch
under these circumstances depends on the time the internal field is cancelled out by mobile
carriers generated. The predicted input energy dependence and the transmission line impedance
dependence of the rise time compare well with experimental results. The model also suggests
the experimental configuration for obtaining power in the GW range. Finally, a preliminary
investigation is made on the effects of avalanche multiplication on the performance of the diode

switch.
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L Introduction

In the last program, the light activated semiconductor switches made of silicon junction
diode have been demonstrated. A novel optical delay line has been designed in sampling the
laser pulses to these switches. Electrical power switched by this device of 6.7 MW has been
reported!. Subsequent experiments performed at Energy Compression Research Corporation
have demonstrated power far exceeding this ‘value. However, the rise time of the electrical
pulses remains in the 100 ps range. Also, the photo-quantum efficiency of the device was not

independently measured, therefore the overall efficiency of the device is only roughly estimated.

The goals of this present program are to investigate physical mechanisms responsible for
the rise time limitation of this device and to study designs to achieve higher electrical power and
current density from these switches. Three mechanisms have been suggested to explain the rise
time observed: the transmission line impedance mismatch at the diode; the lateral current

diffusion; and the collapse of the electric field in the junction upon carrier generation.

Both the transmission line effect and the lateral current diffusion have been investigated in
details in the beginning of the present program and they are found to be in the picosecond and

sub-picosecond second and thus are too small to account for the observed rise time of the device.

In an effort to understand the rise time behavior, we have looked closely into the device
dynamics in conjunction with an external circuit. Also, there has been a strong interest in
developing a complete theoretical analysis of the device which can account for other observed
behaviors of the device effects. The following sections describe the model and the computer
simulation built on this model. The results obtained, as described in section V, have been
compared to experiment (section VI) and they are in good agreement. This allows us to design

further experiment based on this model.

Among the graduate research assistants participated, Mr. Vincent D. Lew has finished his
M. Sc. thesis (see Appendix 1) under this program and Mr. C. K. Sun will include in his Ph. D.
thesis the following model which he principally developed under this program. A paper

summarizing this work will soon be submitted to journal for publication.




II. Master Equations

The switching characteristics of the device studied in this program are basically governed
by the carrier dynamics inside the depletion region of the diode. They are also affected by the
nature of the metal-semiconductor interface region. For low and medium electric field, the
Boltzmann’s transport equation is sufficient and is employed throughout this work. As
mentioned, to analyze the carrier dynamics, an accurate computer simulation program has been
developed under this program where three sets of equations are solved self-consistently inside
the device including the bulk p and n regions, the depletion region and the the contact regions.
These are the current density equations, continuity equations and Maxwell equations and are

described as follows:

2.1. Current Density Equations:

Current density equations describe the carrier transport under the influence of the electric

field and diffusion:
Ja=qUyanE+qD, Vn 1)
Jo=qu, pE~qD, Vp 2

where 41°s and D’s are the mobilities and diffusion coefficients for electrons and holes. Since the
electric field inside the junction area may vary over a large range, the mobility cannot be taken

to be constant. Instead, a field dependent mobility is used and is given as?:

pe it 3)
1+ |2
Ec

where values of 4, E. and y for electrons and holes in silicon are listed in Table I. The diffusion

coefficients are related to the mobilities through the Einstein relation:

kT

Dp ==[,lp —21— (4)
kT

Dp=p, Y ®)
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Ko (cm?/V.s) | E. (Voltem) | y

electron | 1350 8,000 2

hole 480 20,000 1

TABLE 1

2.2. Continuity .Jquations:

Continuity equations are basically statements of charge conservation. They describe the net
amount of carrier concentration as a function of time at any point taken into account carrier

generations, recombinations and transport. These equations can be stated as follows:

dn 1

-5—{ = Gn—Un + 'a" V * J]'l (6a)
1
%g =GpUp= V- 1y (6b)

where G, and G, are the respective electron and hole generation rate, U, and U, are the
recombination rate of electron and hole. In our work, the generation is from the laser irradiation
and avalanche multiplication. Both are functions of time and position within the device. The
carrier generation resulted from avalanche processes depends on the ionization potential for
electrons (o) and holes (8) both of which are field dependent quantities. For the case of silicon,

the following expression are used in the simulation®:

E
~1.95 x 108

E
E 1+._____
( 1.07 x 10°

(7a)

o=

3.6xexp| +1.36x 10*)

)

B= E (7b)

_ 6
50 x exp [ 3.1x 10 +155x10*)

E
E 1+_____
( 1.11x105)

where the electric field E is measured in units of V/cm. Since the recombination time in silicon
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is in the microsecond and millisecond range and the time interval of interest for the transient
behavior of the switch is in the picosecond and nanosecond range, the recombination process is

ignored in our model.

2.3. Maxwell Equations:

Maxwell equations are used to determine the electric field inside the junction for a given
carrier distribution and the total current output to an external loading circuit. Here only two of

the four equations are used.

VxH=¢ -aa—];:+Jn+Jp=me @®
v-E=IZ— )

where Eq. (8) calculates the total current density and Eq. (9) is the Poisson equation commonly
used for solving the electric field within the device. It turns out that Eqgs. (8) and (9) are

equivalent in principle. Starting with the divergence of Eq (8), one obtains,

V-VxH=V-Jw,a,=V-[J,,+Jp+£-aa—l;:]=0 (10)

From Eqgs. (6), assuming G, = G, and U,, = Uy, and together with Eq. (10) one gets
0 d
9 v. I (n-p) | =
eat( E)+q[at (n p)] 0

or

Ilv.pe 9 (| =
at[V E+£(np)] 0

This implies V- E + -eq- (n-p) is a constant and is related to the doping —g [NQ-N ;]. Thus, we

have V-E = -(el [p—n +Nj-N; ], which is Equation (9).
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Therefore, only one equation is needed to solve for the electric field. Eq (8) is chosen
instead of the Poisson equation because the effect of the load impedance on the current was not
included explicitly in Eqs. (6) and (9). This may lead to charge divergence in the simulation
programs. On the other hand, with Eq. (9), the electric field can be solved as follows:

T+ + 6o = Jiom = —— 5
ntlp+e toral = 0

ot (1

where Vj is the biasing voltage to the diode, V,,, is the voltage drop across the diode, "A" is the
surface area of the diode and R is the equivalent load impedance of the circuit. V,_; is obtained
by integrating the electric field over the length of the device. Eq. (11) thus provide a self
consistent way to calculate the the total current taken into account the voltage drop on the diode.
In the final simulation, the electric field and the J,,, obtained self consistently from equation
(11) are found to be more accurate than those obtained from equation (9). This is largely due to
tﬁe fact that the computational error accumulated in the displacement current term can be huge
even when the electric field is off just a little bit because the time increment "dt" can be very
small. This uncertainty in the displacement current give rise to to instability in the value of Jioa

along the depletion region.

II1. Boundary Condition

The exact nature of the semiconductor-metal contact is still a mystery at present. For most
cases, the continuity of the electric field and current across the ohmic contact region is assumed.

In general, contact properties between metal and semiconductor can be modeled as:
Vg =F(Jp) (12)
where Vj is the voltage drop across the contact, Jg is the current density flow through it and F is

some function related to the carrier transparent parameters at the contact region. For our case,

ideal ohmic contact behaviors are assumed, thus Vg equals zero and

Jo, =0 (for p—side contact) (13)




Initial Conditions
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Maxwell Eq.
calculate Elec. field
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calculate Jn,Jp,Jtotal
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next time interval
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Self-Consistent
No Check :
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Figure 1

Block diagram representation of the

simulation program.
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J, =0 (for n—side contact) (14)

Eqgs (13) ar 1 (14) exclude the injection of minority carriers from the contact to the bulk regions.
In the simulation program, Eq. (12) is involved in the calculation of V,_,; Eqgs. (13) and (14) are

employed in Eqgs. (6) and (7) for solving the carrier concentration close to contact regions.

IV. Computer Simulation Program

In section II, three sets of equations are introduced in analyzing the switching
characteristics of the diode. Due to the field dependent mobility, the partial differential equations
are essentially nonlinear and can only be solved numerically. To this end, we have developed a
simulation program based on the finite difference method (see appendix 2). Figure 1 shows a
block diagram representation of this program. In each time interval, there will a spatial
distribution of electron-hole pairs generated by the laser excitation. The equivalent finite
difference form of the continuity equation is then used to calculate the net carrier concentration
at each point taken into account both carrier generation and transport. At this point the electric
field is based on values obtained from the previous time interval. However, since both the
carrier concentration and the electric field distribution are interrelated and are thus dynamic
variables, an iterative loop is employed in each time interval until the carrier concentration and
electric field reach self-consistent and steady state values. The constraint is that the total current
remains constant throughout the device in the same interval, as has been implicitly stated in Egq.

(11). The same procedure takes place when the program advances to the next time interval.
Several assumptions have been made in this program:

1. Since a planar diode structure is used in the actual experiment, it is reasonable to analyze the

device dynamics in the one dimension.

2. The absorption depth for silicon material 1s about 0.08 cm, for convenience, the electron-

hole pairs are assumed to be uniformly generated in the width dimension of the diode.
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3. The recombination time constant for silicon material is in the milli-second range, and the
time interval of interest is in the nanosecond and sun-nanosecond range, thus the

recombination term in Egs. (6) and (7) can be neglected.

4. For simplicity, the photo-quantum efficiency of the diode switch is assumed to be 100%.

V. Simulation Results

5.1. Comparison with the PIN photodiode case

In order to test the validity and accuracy of the simulation program developed, a
comparison is made between the programming results and the experimentally observed
photodiode behaviors reported in the literature*™>. The input to the program closely matches the
dimension of a PIN photodiode where the p, intrinsic, and n regions are assumed to be 0.1 yms,
10 um, and 0.1 um respectively with corresponding background doping concentration takes
value of lolscm‘3, 1013cm“3, 10"7cm™3. The area of the diode is 10‘4cm2, and the applied bias
is 100 V. As in the usual operation of PIN photodiodes, a short duration, low energy optical
pulse is incident on the diode. In our case, the quantum efficiency of the photodiode is assumed
to be 100 %; the laser pulse is chosen to be 30 psec FWHM and the pulse energy is 0.6 nJ. The
photodiode is taken to be in series with an output load whose impedance ranges from 50 Q to
500 Q in magnitude. The depletion capacitance of the diode caiculated {rom the above data is
around 0.1 pF. For this diode, the simulated current as a function time for different load
impedance is depicted in Figure 2. It is noted that for the 50 Q output load, the rise time is
found to be 32 psec which is a combination of transit-time (5 psec), the Jaser pulse rise time (30
psec) and RC time constant (10 psec). In contrast, for the 500 Q load case, the simulated rise

time is about 100 psec which is dominated mainly by the RC time constant (100 psec).

The area beneath each curve in Fig. 2 equals the total amount of charges flowing in the

external load as a result of absorption. The simulated response is found to be self-consistent

‘—\-— -
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Schematic diagram of a PIN diode
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with the initial laser input energy and the assumed quantum efficiency. The rise times are also in

good agreement with experimental results reported in the literature.

5.2. Transient behaviors of the switch at high optical energy.

The next step is to investigate the transient behavior of the diode switch at high optical
energy. The PIN diode studied in this case has a doping concentration of 10'2cm™ in the
intrinsic region, 10*3cm™ in the P* region and 10!”cm™> in the N region. The surface area of
the diode is 0.5 cm?, the intrinsic region width is 1600 um. All these input data to the program

correspond closely to the experimental conditions described in Section VL

Figure 3 shows the simulated response as the laser pulse energy varies from 0.5 #J to 50
1 J, with an applied voltage of 2500 V and an external load of 50 Q. A decrease in the rise time,
from more than 400 psec to less than 20 psec, is observed as the laser energy increases. It should
be noted that the transit time for this diode is 16 nsec. On the other hand, the diode has a
depletion capacitance of 0.3 pF, the RC time constant is 1.5 ps and is thus small when compared

to the transit time.

Ordinarily, when subjected to an optical pulse whose energy is in the pJ range, the diode
switch would respond like a photodiode with a rise time close to 4 nsec. However, according to
the simulated results shown in Figure 3, the rise time shortens as the laser pulse energy
increases. This phenomenon can be attributed to the collapse of the internal electric field as
follows. The photogenerated electron-hole pairs are drifted apart by the biased electric field.
When the number of these pairs are huge, the electric field created by the separation becomes
sizable. Figure 4 is a schematic picture to illustrate the PIN diode response at high optical
excitation. The separation of electrons and holes in the intrinsic region leaves behind charges
which can be represented as net charges at both junction surfaces. These charges cancel the
electric field from the ionized background dopants. As a result, most of the applied voltage falls
on the external load and the output voltage (or current) reach a maximum value. This implies

that the faster is the collapse of the electric field, the shorter is the rise time which can be much
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Figure 7 Equivalent circuit model of the diode
switch. R, is the dynamic resistance,
Cq 1is the diode depletion region capacitance.
Zy is the load impedance.
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shorter than the transit time. In contrast, for low level optical excitation, the effect of the photo-
generated carrier on the internal electric field is small, then the transit time and the RC time
constant determine the redistribution of the bias voltage. This agrees well with the simulated
results shown in Figure 2, where the time corresponds to the peak current also corresponds to a

minimum of the internal electric field inside the diode.

Several time-sequenced snapshots of the simulated electron and hole concentration profiles
and the electric field profile are shown in Figures 5a and b respectively. In this case, the
simulation was carried out for a diode with the same carrier profile and intrinsic region width as
that in Figure 3, except the surface area is chosen to be 0.13 cm? and the applied voltage is 160

volts, which corresponds to another set of experimental condition.

5.3. Transient behaviors of the switch at various load impedance.

Of particular interest to generation of high power electrical pulses is behaviors of diode
switches on transmission lines with different characteristic impedance. The simulated output
responses of the diode switch at different load impedances (from 0.1 to 50 Q) are shown in
Figure 6. The input information to the program are the same as those used in Figure 3, the input
optical energy is 50 uJ. The results shown in Figure 6 predict that the rise time decreases as the
load impedance is increased, which is quite different from behaviors observed in PIN diodes at
low input optical energy. This can be explained with the help of the model shown in Figure 7
and the similar reasoning used above. For a diode switch with a dynamic resistance Rq which is
much less than the line impedance Z,, the rise time of the output voltage (or current) depends on
how fast the capacitor formed by the ionized dopants can be discharged. In other words, the
time averaged value of R4yC4 will determine the time for the collapse of the internal electric
field. However, the dynamic resistance itself depends on the instantaneous value of the output
current, which in turn increases with the load impedance. (Equivalently speaking, the
accumulation rate of the net charges at the surfaces shown in Figure 4 can be enhanced by

increasing the output impedance.)




_—
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It would be interesting to compare the drift time to separate the carriers and the RqCy.

With the help of the model shown in Figure 4, one can roughly estimate the drift time t, needed

to separate the carriers as:

T (15)

where C; i§ the surface dopants concentration, V is the saturation velocity of carriers and N is
the concentration of electron-hole pairs generated by the laser pulse. For the 50 L case in Figure
6, a value of 3 x 10!7cm™ is obtained for N and 10! cm™2 for C,. This corresponds to a value of
0.33 psec for t,, while the RC time constant estimated from the photoconductance (at 50 uJ) of
this diode is around 1.3 psec. On the other hand, the output response shown in Figure 6 has a

rise time of 1.3 psec.

Table 2 summarizes the output power from the diode switch at two input optical energy
levels and at different load impedance. These simulated data indicate that, in order to achieve
output power in the GW range, the input laser pulse energy should be in the 100 #'W range and
the load impedance should be smaller than 1 Q. However, in this limit, the rise time of the
output current would be slow. (The data point at 5 uJ and 1 Q is missing as output rise time is

too long and the output voltage has not reached the steady state.)

Sul | 50uJ

50Q |3 31

10Q2 | 10 15

1Q - 100

TABLE 2. Power output (MW) at various load impedance and input energy.
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5.4 Effect of avalanche multiplication on switch performance.

Next, the effect of the avalanche multiplication on the rise time of the diode switch is
investigated. Intuitively speaking, the avalanche multiplication can reduce the rise time in much
the same way as photo-generated carriers. For high voltage switching, from the above
discussion, a high energy optical pulse is required to switch on quickly the diode switch due to
the large number of the electron-hole pair§ needed to cancel out the applied electric field. With
the help of the carrier multiplication process through impact ionization, the dependence on the
input optical energy can eb relaxed. Figure 8 shows the time response of the diode switch at
different bias voltages at fixed input optical energy. Initially, the rise time increases (from 50
psec to 200 psec) as the applied voltage is increased (from 2.5 kV to 25 kV). However, once the
voltage corresponding to the on-set of the avalanche is reached (around 30 kV), further increase

in voltage lead to a reduction of the rise time (to 60 psec at 45 kV).

V1. Experimental Results

The predicted trend of the rise time of diode switches is verified experimentally by varying
the input optical energy level. The experimental set up for this measurement is described in
details in Chapters 4 and 5 of Appendix 1 and reference 1, therefore it is only briefly mentioned
here. The set-up is schematically shown in Figure 9, where a mode-locked Nd-YAG laser is
used to generate optical pulse with energy ranged from pJ to mJ and a pulsewidth of about 30
ps. Since the output energy of the laser fluctuate quite a bit during the measurement period,
beam splitters with known power dividing ratio is employed so that the instantancous energy
level to the diode switch can be measured. Nevertheless, two difficulties persist in the
measurement. Firstly, the beam profile cannot be measured accurately and consequently part of
the beam falls outside the light absorption region of the diode. The results in an over-estimation
of the optical energy intake by the diode and an under-estimation of the overall efficiency of the
device. Secondly, for achieve lower optical energy, at first beam splitter with large power

dividing ratio is used, however, the accuracy of energy measured is impaired at large ratio. This
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tabulated in Table 3. ‘
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can be improved with neutral density filter placed before the diode switch. The diode switches
used in these measurements are silicon PIN diodes with similar carrier concentration profiles and
geometry as those used in the simulation, namely those in Figures 3, 5, and 6. In the experiment,
for convenience, the transmission line impedance is chosen to be 50 QS. For diodes with 0.13

cm? area, the experiment was not so successful due to the power fluctuation of the laser during

the measurement. The averaged rise time, however, decreases with increasing laser pulse
energy, as predicted in the simulation. For diodes with 0.5 cm? area, the experiment was carried
out with all the set up mounted on the same optical table to reduce the energy fluctuation. Figure
10 (a)-(d) shows the output responses of the diode switch at different optical energies; the rise
time is summarized in Table 3. When compared to the simulated results with the same device
parameters, an agreement is reached between the experiment and simulation, however, instead of
unity photo-quantum efficiency for the diode, the actual value uséd in the simulation is only 3%.
This leads to the suspicion that, during the experiment, a large portion of the light beam is

wasted. The cause of the low efficiency is still a subject of current investigation

Energy 6 29 88 536
wh

Rise time | 527 | 183 | 105 | 84
(psec)

Voltage 413 | 846 | 915 | 1005
V)

TABLE 3. Rise time and output voltage versus laser energy.

Figures 11 (a) to (d) shows the simulated response to the case shown in Figs. 10 with a photo-

quantum efficiency of 3%.

Although we have not performed the measurement on the rise time dependence on the load

impedance, an earlier work by Zucker et al.’ clearly suggests that the trend predicted by the
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simulation is correct.

VIL Conclusion

In summary, we have developed, under this research program, a model to describe the
carrier dynamics of the semiconductor diode switch excited with high energy laser pulses and
interacting w1th an external load. The computer program developed is accurate and versatile in
that both low level and high level optical excitations as well as low and high applied bias
conditions can be described with ease. The transient behavior of the diode switch at different
optical energy levels is understood in terms of the time to cancel out the electric field inside the
diode, in contrast to the conventional transit time concept which accounts much of the behavior
of the photodiodes at low bias and at low optical excitation. This behavior was confirmed
experimentally. The power output of the diode switch at different transmission line impedance is
investigated with this model. It is found that, the rise time of the diode can be reduced by
increasing the line impedance, which agrees with experimental results obtained in an earlier
work. Furthermore, high optical excitation energy and small line impedance are effective means
to generate high power electrical pulses. We have made a preliminary investigation of the
effects of avalanche multiplication on the performance of the diode switch and further work is

needed to explore the potentials of diode switches at very high electric fields.

The findings in this work will be submitted to a refereed journal for publication.
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In the past electrical pulses have been generated by various
methods. The production of such pulses at megawatt power and
nanosecond duration has yet to be realized practically. One
possible solution is pulse generation by means of light activated
silicon switches (LASS). Electrical energy is compressed on a
transmission line and then released in the form of a puise when the
LASS is irradiated by 1.06um light from a Nd-YAG laser. The LASS
is fabricated from silicon junction devices through available
semiconductor technologies. The electrical pulses are measured in
real-time by conventional means and also by a sampling technique
using a unique triggering scheme. Pulses with a current density of
10kA/cm? and a risetime of 200ps have been demonstrated through
experiments.
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CHAPTER 1: INTRODUCTION

Energy compression in time and space can be acheived by
various methods. The history of technology is filled with
inventions demonstrating this concept. Striking a nail with a
hammer is a crude example. When a hammer is accelerated it
acquires kinetic energy. This energy is transferred to the nail in a
time much shorter than the time it takes for the hammer to
acquire the energy originally. Thus, the energy is compressed in
time. Since the energy is released over the small area of the
nail-head, energy compression also occurs in space. Of course, not
all of the energy is transferred to the nail in the manner that is
desired, some energy is lost through heat and some remains in the
hammer.

Energy compression can also be facilitated by means of a
switch. In this case the energy to be compressed is the electrical
energy. The switch in its "off" state allows energy to be stored.
Going to the "on" state the switch releases the energy so that it is
compressed in time and space. The end result is the generation of a
high power, short duration electrical pulse. A physical embodiment
of this forms the focus of our research. Specifically, the switch is
a reverse biased junction photodiode which joins two transmission
lines. One of these transmission lines is charged while the switch
is "open". Then irradiation of the photodiode closes the switch,
allowing the compressed energy to be released, through the switch
and down the second transmission line.

In chapter 2, information is given about energy compression,

and optoelectronic switches such as the photoconductor and the




:

photodiode. Research issues and important concepts are discussed
in chapter 3. Chapter 4 contains a description of how the
photodiode is prepared for experimentation and the measurement
procedures. Finally, results are discussed in chapter 5 concerning

the electrical pulse waveform, the current density, and the

risetime.




CHAPTER 2. ENERGY COMPRESSION WITH SEMICONDUCTOR
PT! TRONIC SWITCHE

2.0 THEORY

The subject of this thesis touches upon many fields and this
chapter provides some relevant background information. [n the
first section we consider the generation of high-power short
pulses and its importance to this study. Later sections provide
some background concerning switching elements such as the
photoconductor and the junction photodiode. With the high electric
fields present in these devices, light-generated carriers will
travel at nearly the saturation velocity so high switching speed is
possible. Therein lies the importance of these two optoelectronic
devices. High switching speed can be a relevant factor in the

generation of electrical pulses.

2.1 HIGH-POWER SHORT PULSES

High-power short pulses are generated through energy
compression by the use of a suitable switch. Switching involves a
rapid change in conductivity from an "off" state (low conductivity)
to an "on" state (high conductivity). In the "off" state the switch is
open, and allows energy to be stored or compressed. The higher the
electric field the switch can handle, the more energy can be stored.
When this switch closes ("on" state) the energy is released. The
greater the current density that can safely pass through the
switch, the more energy per unit time and per unit area can be

released since the voltage height of the pulse multiplied by the




current density will give this quantity. In general, high power
handling capacity means a switch can hold a large electric field and
pass a large current density. A fast switch insures the energy
released is compressed in time, and not bled off slowly. These
issues will be considered in more detail in the next chapter.

The major switch characteristics of interest for energy
compression are its power handling capacity, switching time, and
operation lifetime. An ideal switch would be able to go from zero
conductivity to infinite conductivity instantaneously, be able to
handle any level of power, and have an infinite lifetime. The goal
‘of previous research by other workers has been to approach the
ideal switch. Switching with a spark gap can handle high power and
has good speed, but doés not have a long lifetime [5]. Thyratron
tubes have a long life and good speed, but low power capability [6].
Semiconductor devices such as transistors and thyristors have high
power handling capacity and long lifetime [7]. However, they are
limited in switching speed. In this case carriers are injected from
a forward biased p-n junction into a depletion region to close the
switch. The electric field in the depletion region collapses due to
the presence of the first injected carriers. For low currents these
carriers are sufficient to close the switch, but high currents
require more carriers. The remaining carriers must travel to the
depletion region by diffusion in the absence of the electric field.
This slow diffusion process is responsible for the limited speed.
This speed disadvantage may be overcome through the generation of
carriers in the depletion region through photon absorption. The

electric field will collapse as enough carriers are generated by this




process, but since diffusion is not necessary here, further carrier
generation is unimpaired. The assumption here is that all of the
carriers necessary to close the switch are generated within the
depletion region. Given a laser that delivers light pulses of
sufficient power this assumption is acceptable. Thus, we need not
consider the effect of carriers created outside the depletion region
which would require diffusion to reach the depletion region. The
importance of employing junction semiconductors with light
activation has only recently been recognized. Adding the feature of
high switching speed when light activation is employed to the other
semiconductor device characteristics (high power handling
capacity, long lifetime) the resultant light activated silicon
switches (LASS) have the potential advantage over any other
competing process [1].

To produce square pulses with reduced pulsewidth, short
risetimes are necessary. Faster risetimes go hand in hand with
greater switching speed as the ideal switch is approached. In
general the risetime should be an order of magnitude smaller than
the pulse length. For example, a 1ns square pulse should have a
risetime less than 0.1 ns. Also, the pulses can be timed more
accurately with respect to each other if there is a faster risetime.
In other words, if one pulse is followed by another which has a
certain risetime, then there is an uncertainty in the interval
between the two puilses at least equal to the risetime. Decreasing
the risetime will reduce the uncertainty.

A source which generates high-power short pulses finds

utility in many areas. An antenna array of these sources can
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produce a microwave burst when individual antennae are properly

timed. The direction may then be controlled through phased array

techniques. High-power short pulses can be used to provide
information about low-density photo-induced plasmas in
semiconductors. Other applications are found in the jitter-free

streak camera and prepulse suppression in laser fusion [2].

22 PHOTOCONDUCTOR

In this section an understanding of how the photoconductor
works will be provided. Such an understanding provides a
comparative basis for the photodiode which is the essential device
investigated in our research. Electron-photon interaction can occur
through three basic processes in matter: Spontaneous emission,
stimulated emission, and absorption. The process of absorption is
the main concern when dealing with the photoconductor. When an
electron absorbs a photon of sufficient energy the electron may
transition from an initial state to a final state where the electron
is free to move and, thus, contribute to the external current. An
intrinsic transition involves the movement of an electron from the
valence band to the conduction band (figure 2.1). The energy

absorbed must be equal to (or greater than) the band gap energy (hv
2 Eg). In figure 2.1 transition (a) involves the absorption of energy

exactly equal to the band gap energy while transition (b) involves a
greater energy. Here the excess energy is dissipated as heat. An
extrinsic transition (c) involves a transfer of an electron from the

valence band to a state within the band gap. This transition can
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occur only if the semiconductor has an electronic state within the
band gap due to physical defects or impurities. Photon absorption,
in all three cases, is accompanied by the generation of an
electron-hole pair. A hole carrier also contributes to the current.
Due to absorption, the photon flux will decrease
exponentially with distance as it moves through a semiconductor

provided the photons have an energy greater than the band gap.

From elementary quantum mechanics the transition rate (W, ,) of

electrons between the initial "1" and final "2" state can be related
to the optical field e(t) through the following:
W, ~EQE' (M) (2-1)
e(t) = Re[E(Y)]  (2-2)
where E(t) is a complex function whose real part is the optical
field function. From E(t) information can be determined about the
transition rate.

Photoconductive switches have been investigated for
switching electrical energy. A schematic diagram of a
photoconductor switch is shown in figure 2.2. A semiconductor
slab has ohmic contacts at its ends and has constant optical flux
incident on it. The light generates electron-hole pairs through
intrinsic or extrinsic transitions. For n-type semiconductors
extrinsic transitions involve an impurity level (donor) close to the
conduction band edge while for p-type semiconductors the impurity
level (acceptor) is close to the valence band edge. The generated
carriers drift under the influence of the applied electric field until

recombination occurs or the carriers pass into the external circuit.
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The presence of these carriers will lower the resistance across the
semiconductor slab and contribute to the external current. At
steady state the generation rate G must equal the recombination

rate R plus the rate of those carriers lost to the external circuit,

and then if we assume the penetration depth to be less than the

thickness,

R=— (2-3)

(P /)
C=—wp~ @9

L

where n is the carrier density; t is the carrier lifetime; and L is the
length, W is the width, and D is the thickness of the semiconductor
slab. The photocurrent lp is related to the primary photocurrent lph

through the gain G by

L=L,G, @)

p
1 =q|n=2| 6
-] e

G =-:t 27

n
[4

where m is the quantum efficiency, P__, is the incident optical

opt
power, hv is the photon energy, and t is the carrier transit time.

More complete information concerning the photoconductor may be

found in various textbooks [3,4].
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2.3 JUNCTION PHOTODIODE

The photodiode operating as a switch is the device to be
investigated in our experiments. This section will provide some
basic information on the photodiode. Essentially the photodiode is
a reverse biased p-n junction. The p-n junction is formed in a
semiconductor material when the dominant doping type is changed
from p-type in one region to n-type in another region (figure
2.3(a)). The main carriers are electrons in the n-type region and
holes in the p-type region. Figure 2.3(a) illustrates the doping
profile that may be acheived through the diffusion of impurity
atoms into a p-type or n-type semiconductor substrate to create an
n -type region in p-type substrate or vice versa. Figure 2.3(b) is
the energy band diagram of the p-n diode in the absence of any

applied bias. The energy necessary to enable an electron to go from
the n side to the p side in the absence of bias is eV, where V, is
called the built-in potential. The potential energy of an electron as
a function of x is represented by the top or bottom curve in the
band diagram. The energy band diagram shown in figure 2.3(c)
depicts the situation when a reverse bias V,_ is applied across the
junction. This reverse bias causes mobile carriers to move away
from the junction so that the size of the depletion region increases.

Consequently the potential barrier for carrier transport becomes
e(V4+V,). Figure 2.3(d) shows the distribution of the ionized
impurity atoms and

Nal= Npl,  2-8)
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FIGURE 2.3 P-n junction: (a) doping profile, (b) energy band diagram with no
bias, (c) energy band diagram under reverse bias, (d) distribution of ionized
impurity atoms, (e) electric field versus distance [Ref.3].
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where lp and |, are the lengths of the depleted regions on the p-side

and n-side, respectively, so that the positive and negative charge
are balanced in the depletion region. Relations for the electric
field, the potential, and the depletion lengths can be found in the
literature [3,4]. The electric field as a function of distance is
shown in 'figure 2.3(e). Across the junction is a differential

capacitance per unit area C

C
L=—E_ (29

AREA | +]
p n

When an optical intensity falls on the junction photodiode,
certain processes may occur and contribute to the external current
(figure 2.4). In process "B" the electron-hole pair is generated
within the depletion region. The electric field then separates them
so that the electron and hole move in opposite directions
contributing to the external current. in process "A", an
electron-hole pair is generated in the p region. If this pair is
within a diffusion length from the depletion region edge, then the
electron has a good chance of reaching the depletion region. Of
course, the hole is prevented from moving into the depletion region,
because of the potential barrier. Once the electron is in the
depletion region, the electric field will cause the electron to drift
across and contribute to the current. The same can be said about
the hole in process "C" . Although here, the hole moves in the
opposite direction. To obtain a high quantum efficiency (number of
carriers flowing in the external circuit for each incident photon),

the "B" process must dominate, because in the other two processes,
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a large portion of the carriers does not reach the depletion region.
Thus, a large depletion region is beneficial. This increases the
transit time across the depletion region and reduces the frequency
response of the photodiode. Thus, there is a tradeoff between
quantum efficiency and frequency response. The diffusion time in
processes "A" and "C" also limits the frequency response as does
the shunt capacitance. In fact, if the depletion region is made
small enough the junction capacitance can become large in value
(see above equation 2-9), affecting the frequency response to a
significant degree. When the transit time across the depletion
region is approximately one half the modulation period of the
optical signal the best compromise is reached between quantum
efficiency and frequency response. Various texts have a more

detailed treatment of the ideas discussed above [3,4].

2.4 CONCLUSION

In this chapter the basic processes involved in a
photoconductor and photodiode have been explained so that the
experiments in energy switching with the photodiode can be better
understood. There are important differences between
photoconductors and photodiodes. For photoconductors the voltage
holding capacity in the "open" state increases with increasing "gap”
width (located in the section of the semiconductor where light is
irradiated to close the switch), while 15kV is the typical value for
photodiodes. However, the "open" state voltage for photoconductors
cannot remain for longer than 10ns. Otherwise thermal runaway

will occur because of its current leakage in the "open" state.
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Junction photodiodes are the better choice for experimentation
since the technology involved in their manufacture is already well
established. In addition, the junction semiconductor switch has
desirable qualities of high power handling capacity and long
operation lifetime, and with light activation it is expected to have
high speed. This device then is the focus of our research. In the
next chapter, we will see how the junction photodiode enables the
compression and release of electrical energy, and various specific

research issues of concern will be discussed.
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CHAPTER 3: RESEARCH ON THE GENERAT! F PULSES TH HTH
LASS

3.0 INTRODUCTION

A junction semiconductor device joined onto a transmission
line is a novel approach to generating pulse power. As mentioned in
the previous chapter, junction devices switched by light activation
have an advantage in speed over other junction semiconductor
devices while retaining the characteristics of high power
capability and long operation lifetime. Section 3.1 presents
important definitions and concepts useful in our investigation.
Section 3.2 discusses those areas of research that concern this

project.

3.1 DEFINITIONS AND TERMINOLOGY

In our experiments energy compression is acheived through a
Light Activated Silicon Switch (LASS) and a transmission line
(figure 3.1). The left side is charged up to a voltage over several
milliseconds while the LASS is open: Energy is stored. Then the
LASS is closed when light shines on it, allowing a square pulse of
nanosecond duration to propagate down the line: Energy is released,
having been compressed in time and space.

Figure 3.2 is a representation of the LASS and transmission
line from which certain definitions will be obtained. Absent from
this picture is the transmission line dielectric between the top and
bottom conductor. If the left side is charged to a voltage V and has

a length L, then the pulse generated will have a voltage height V/2

17
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and a duration of 2L/¢' (c'=group velocity in the dielectric), because
as the LASS closes, the standing wave form of the voltage can be
resolved into two pulses, one going forward and the other
backward, each with a pulsewidth of L/c' and a voltage V/2. The
backward pulse reflects off of the open circuit at the left end and
joins with the tail end of the forward pulse to produce one pulse of
duration 2L/c' (as a rule of thumb, which we will find useful in
section 5.3, one nanosecond is approximately equivalent to one foot

divided by the square root of the dielectric constant).

For a transmission line of characteristic impedance Z,

matched to the LASS, the current density J is

Vi2 (_1
J="—"=— 3-1
Z (Wd) (3-1)
[0}
and from Boltzmann transport theory, assuming medium electric

field strength, the current density in the switch is

J=neev, (3-2)
where n, is the carrier density , e is the electron charge, and v, is

the dnft velocity. High current density which leads to high power
density (see equation 3-3) is desirable in pulse power applications.
A generator of high power pulses can be made smaller in size if it
is characterized by high power density, because a small device
with high power density can generate the same power as a large
device with low power density. For example, a source
characterized by a power density of 0.25MW/cm? with an area of
4cm?can deliver a power of 1MW, while the same power results

from a smaller device with an area of 1cm? if its power density is
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1MW/cm?2. Thus, an array of these generators will correspondingly
be reduced in size. The switch power density P (power/area) is
P=VxJ (3-3)

and the volume power density P (power/unit volume) is
P,=ExJ (3-4)

with V and E the potential difference and electric field across the
junction device, respectively. Typical values for a thyristor will
show the high power capability of semiconductor materials. A
thyristor can carry a current density of 10kA/cm? and its electric
field can exceed 100kV/cm. Thus, the volume power density can

have a value of 1x10°W/cm3.

The ratio between output pulse energy WuW and optical input

enerqgy th is the gain G
W
G=—H¥ (3-5)

w
ph

If a joule of laser light (th=1J) is absorbed at the 1.0 eV band gap

of silicon, then approximately one coulomb of charge will pass
across the depletion region. In other words, each photon will
create an electron-hole pair and these two carriers will move in
opposite directions. The distance that each carrier travels through
the depletion region, when added together, will equal the length of
the depletion region. Then this will be equivalent to one electron
traveling the entire length of the depletion region as far as the
external current is concerned. Since 1J creates 1.6x10'°

electron-hole pairs, this is equivalent to the same number of
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electrons (1 coulomb) crossing the depletion region. A coulomb of
charge, dropping through a potential of 5kV across the depletion

region (open circuit switch voltage) will gain an energy of 5kJ

(pr=1°kd)- Then the gain G can be as high as 5x103(5kJ/1J)

according to the equation (3-5). This illustrates the large gain
possible with the LASS when a typical value of the breakdown
voltage is considered. However, in order for the LASS to absorb 1J
of light the device volume must become larger than is desired as
far as the current density is concerned: Increasing the volume will
increaée the area through which the current flows, thus reducing
the current density possible. In fact only a small fraction of the
light available will be absorbed (see Section 5.2), for the actual
size of the device used in our experiments.

Since only low impedance transmission lines (h<<W, see
figure 3.2) are used in our experiments, the characteristic
impedance Z, may be found through the approximate expression

Z = 1201t_h_ (3‘6)

o ‘/; W

where e is the dielectric constant of the transmission line [1].

The structure of the present LASS is shown in figure 3.3. A
p-n* silicon junction device has an aluminum coating on the p side
and a tungsten contact on the n* side. The sides are beveled and
passivated with silicon dioxide to prevent high voltage breakdown
(see section 4-1). The 1.06um wavelength infrared light matched
closely to the silicon band gap enters the junction through the

sides and when absorbed, generates carriers. The LASS has the
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potential to hold a maximum reverse bias of 1-5kV depending on
the manufacturer's specification of the power diode from which the
LASS is cut. The leakage current ought to be no more than a few
microamperes at 1kV to prevent the LASS from thermal runaway.
Thermal runaway involves a cycle of increasing heat dissipation in
the device. If the power dissipated as heat (product of the leakage
current and the voltage) is great enough to raise the temperature
of the device so that the leakage current is increased, then even
more heat is dissipated. Of course this increases the temperature
further, which in turn increases the leakage current and so on. The

net result is severe damage to the device.

3.2 RESEARCH TOPICS INVOLVING THE LASS

Topics of theoretical and experimental interest are the
following: Establishing the maximum current density that can be
handled by the LASS, light coupling into the LASS, photon
absorption within the junction at high power and switching speed.
For the LASS to carry a certain current density, corresponding
values of carrier density and drift velocity are needed according to
equation (3-2). However, at high current density, the drift velocity

vy will reach a limit so that higher current densities depend only on

an increasing carrier density. Now carrier generation is impaired
as carrier density is increased, because as the available conduction
band states are filled by electrons it becomes more improbable
that any one photon will be absorbed (see related discussion in

section 5.2). Thus, this is a concern in maximizing current density.
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Then again, when drift velocity approaches the thermal limit,
avalanche gain occurs through carrier impact ionization in the
junction. Avalanche gain enhances carrier generation so that a
larger current density is possible. The interrelationship of these
factors must be explored to discover the limits to current density.
Of course from equation (3-1) high current densities may be
investigated experimentally by increasing the breakdown voltage V,

by decreasing the dimensions d and W, or by decreasing the

characteristic impedance Z_ . There are experimental difficulties

associated with changing any of these parameters [2,3].

Previously, light coupling was implemented by shining light
through a hole made in the device electrodes. However, a
conceivably better method is to shine light through the side surface
passivation in as much as light can enter more directly into the
junction. This method will be used in our experiments and it will
be of interest to observe the effects of light passing through the
passivation layer.

As a general rule, the absorption coeffiéient of a
semiconductor material increases with photon energy until it
comes to a constant value. However, a photon energy close to the
bandgap of silicon (A=1.06um) is chosen in our experiment even
though this results in an absorption efficiency below the maximum
possible. The reason for this is that the absorption length must be
considered. Carriers need to be generated in the entire volume of
the LASS and this requires the mean absorption length to be long

enough to reach into the depths of the material. Since this length
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increases with decreasing photon energy (due to the availability of
energy states in the semiconductor) a value of the photon energy
close to the band gap energy is chosen. Slight variations in the
photon energy or wavelength will allow the best value to be chosen
in relation to the absorption efficiency and absorption length.

Given the preceding restriction on the aborption efficiency,
the interest here is how to raise this efficiency. The material
doping and the number of carriers affect the absorption efficiency
to a large degree. The doping is fixed from the manufacturing
process, but the number of carriers must be measured. From the
current density the product of drift velocity and carrier
concentration can be determined. However, the number of carriers
itself is difficult to ascertain. Separating the two parameters is a
subject for investigation. Observing how the absorption efficiency
changes with the doping and the number of carriers will allow the
maximization of this efficiency [4,5].

The speed of the LASS in going from the "off" state to the
"on" state is obtained by measuring the risetime of the pulse.
Important factors which limit the risetime can be the power of the
light source and the impedance mismatch between the LASS and the
transmission line. For each current density there must be a
corresponding carrier density present according to equation (3-2).
The carrier generation follows closely the laser pulse, so the
power of the laser pulse can be a limiting factor. For example, in
order to demonstrate a current density with a 100ps risetime the
necessary carrier density must be generated in 100ps or less. As a

consequence, the energy transmitted per unit time (or power of the
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laser pulse) is a determining factor. As the pulse travels along the
transmission line, it encounters an impedance mismatch where the
transmission line meets the LASS. This mismatch increases the
risetime so that attempts must be made to reduce this impedance
mismatch. Under ideal conditions (elimination of the impedance
mismatch and unlimited laser puise power) the suggestion from
theory is that the turn-on speed will be limited by the dielectric
relaxation time e/o (e is the dielectric constant and o is the
conductivity) and the photon absorption time of the semiconductor.
Both of these are in the femtosecond range. Therefore, the
ultimate risetime would be in the same range [6]. However, it
remains to be seen to what extent this is true, and even whether or
not it matters, given the limitations imposed by the impedance

mismatch and the laser power.

3.3 CONCLUSION

Electrical pulses can be generated through energy
compression with the utilization of a LASS and a transmission line.
A quantity of interest is the current density which is dependent on
the breakdown voltage of the LASS, the size of the LASS, and the
impedance of the transmission line. From the current density the
power density can be obtained. Also of interest is the gain which
is the ratio between the output electrical energy and the input
optical energy.

There are certain experimental and theoretical issues that

interest us. One issue is the maximization of the current density
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where the carrier generation process and the presence of avalanche
gain must be considered. Laser light coupling into the LASS may be
more effectively realized by entrance through the side surface
passivation. The absorption efficiency can be maximized when the
effects of material doping and number of carriers are studied. In
addition the absorption efficiency will be limited by the need for a
suitable absorption length. The speed of the LASS can depend on
the laser pulse power and the impedance mismatch between the
LASS and the transmission line so that these two factors must be
investigated. In the next chapter we will discover what methods

and procedures can be implemented to explore some of these issues.




27

References:
1. Gandhi, O., Microwave Engineering and Applications. New York:

Pergamon Press, 1981, p.52.

2. Caughey, D., R. Thomas, "Carrier Mobilities in Silicon Empirically

Related to Doping and Field," Proceedings of the IEEE. vol.55,
pp.2192-2193, 1967.

3. McKay, K., K. McAfee, "Electron Multiplication in Silicon and
Germanium,” Physical Review, vol.91, pp.1079-1081, 1953.

4. Philipp, H., E. Taft, "Optical Constants of Silicon in the Region 1
to10eV,” Ehys_Lc_aL_Bgm vol.120, pp.37-38, 1960.

5. Conwell, E., "Properties of Silicon and Germanium: II,°
Proceedings of the Institute of Radio Engineers, vol.46,
pp.1281-1300, 1958.

6. Zucker, O., "Light Activated Semiconductor Switches,” Preprin
UCRL-80046 for submission to the Seminar on Energy Storage.
hina. Canberra, Australia, November 15-21,

1977, p.3.




CHAPTER 4. LASS PREPARATION AND MEASUREMENT PROCEDURES

4.0 EXPERIMENTAL SETUP

The basic device involved in our experiments consists of a
LASS joined onto a microstrip transmission line. Section 4.1
describes how the LASS is suitably prepared for use as a switch,
and then assembled with the microstrip transmission line.
Sections 4.2, 4.3 describes how the microstrip transmission line is
prepared for experimentation. Section 4.4 describes how

measurements are made and the equipment used in our experiments.

4.1 FABRICATION OF THE LASS

The LASS devices used in our experiments are cut originally
from silicon power diodes with diameters ranging from 1cm to
6ecm. This is done so that the lateral dimension of the LASS will be
small enough to fit onto a transmission line. Before the cut is
made, most of the tungsten layer which forms one of the contacts
to the silicon power diode must be removed. A thin laver of
tungsten is left next to the silicon surface to ensure that a good
electrical and thermal contact can be made at the: surface. The
removal of the tungsten can be done by placing the diode on a holder
such that the exposed tungsten layer side is abraided by a rotating
abrasive surface.

A wire string saw (Laser Technology, Inc.) cuts the silicon
diode into small rectangular pieces with a dimension of 2 x 4 mm2.
This saw enables clean, sharp cuts to be made without damage to

the bulk material due to vibration. Diamond particles are embedded
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into a wire which is drawn back and forth across the specimen to
be cut, thus the wire saw cuts by an abrasive action. The wire is
.008 inches in diameter and the diamond particles are 45 microns
in size.

The LASS is to be operated under high reverse bias which

requires beveling the sides of the LASS device and side surface

passivation with SiO,. Since the silicon power diode is

manufactured with a particular breakdown voltage limit which can
vary from 1000 to 5000 volts, we expect to reach these limits
with the LASS. The breakdown voltage can be increased when the
sides of a diode have been beveled or sloped [1]. A beveled side
results in a reduction of the electric field along the silicon surface
and a movement of the electric field maximum towards the low
doped region. Thus, the possibility of voltage breakdown at the
silicon surface over the p-n* junction is reduced. The beveled side
is created by attaching the rectangular piece onto a holder with
wax (figure 4.1). This holder has two adjacent sides which form an
angle of 1350, The rectangular piece is placed onto side b,
tungsten facing the holder, with the edge of the rectangular piece
extending beyond where the holder sides meet. Then side a is
passed back and forth across a grinding surface. This causes the
edge of the rectangular piece to be sloped at an angle of 45°. Al
four sides of the rectangular piece are beveled this way. Because a
459 angle can be obtained with relative ease using the above
procedure and it contributes to a breakdown voitage suitable for

our present experimental purposes, this angle is chosen even though
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FIGURE 4.1 Beveling of the LASS
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smaller angles can further reduce the surface electric field. The
grinding surface consists of a glass plate onto which an abrasive

powder, mixed with water, is placed. First we use a coarse grain
of 10um abrasive powder to remove most of the edge. After

rinsing, a finer grain of 1um is used to produce a shiny mirror-like
surface on the silicon. Also, observation of the beveled sides under
a microscope (30x) shows no noticeable fractures or cracks. This
characteristic is important to prevent premature breakdown due to
defects at the surface.

The rectangular piece, now beveled, must then be cleaned
and etched in preparation of the passivation process. First, the
rectangular piece is held by a teflon tweezer on top of a
semiconductor graded paper cloth and the beveled sides are wiped
by a cotton swab which has been immersed in TCE. Second, when
the beveled sides have been cleaned with the TCE, the rectangular
piece is immersed into acetone for several minutes. Finally, we
place the rectangular specimen in methanol, also for several
minutes, and from there into a beaker with running deionized water.

After the specimen is removed from the beaker, it is blown
dry with nitrogen. The specimen is held by the teflon tweezer on
its aluminum and tungsten contacts so that the side silicon
surfaces will be fully exposed for etching. We place the specimen
in an etchant for 3 seconds while continuously agitating the
specimen. We then remove the specimen and immediately place it
into the beaker with running deionized water. The etchant, which

consists of nitric acid, hydrofluoric acid, and acetic acid (15:5:3),
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can remove a very thin layer of silicon from the surface.
The specimen is removed from the water, dried by the

nitrogen gun, and placed in a Chemical Vapor Deposition (CVD)

reactor to passivate the beveled sides of the specimen. A SiO,

layer is formed on the beveled sides after 10-20 minutes in the
CVD. The layer is 1500 A thick when we observe a dark blue
coloration in the layer. A passivation dielectric layer adjacent to
the silicon surface protects it from ions in the ambients.

After the specimen has gone through the above procedure, it
becomes the LASS device to be used in the experiments. The LASS
is then tested with a transistor curve tracer to observe its voltage
holding characteristics at high reverse bias. Voltages are applied
to 1kV and for good diodes, the leakage current ought to be no more
than a few microamperes. Sometimes the leakage current will be
higher than this, which may be attributed to the imperfect
execution of any step or steps from the above procedure.

The leakage current increases with time as the passivation
layer absorbs impurities. Since a major impurity is simple
moisture, a dessicant is placed inside the container storing the
LASS. Even then the leakage current can degrade with time. Also,
the passivation layer may be damaged after several experiments if
the light pulses impinging on it are too strong. Neutral density
filters can be used to minimize this effect. However, a LASS which
has a damaged passivation layer may be regenerated for use in
future experiments. The passivation layer is removed by placing it

in a beaker filled with buffered hydrofluoric acid. After an hour




33

the LASS is removed from the beaker and rinsed. The LASS is then
cleaned, etched, and passivated once again according to the above

procedure.

4.2 FABRICATION OF THE MICROSTRIP TRANSMISSION LINE

To obtain the microstrip transmission line we take a sheet
of dielectric substrate (Oak Industries and Rogers Corporation)
which has a layer of copper on both sides. Most of the copper on
one side is etched away so that a strip of copper remains, whose
width is determined by the impedance requirement (figure 4.2),
with a gap in the middle. The etchant is a ferric chloride solution
which is composed of 60 grams of FeCl in 1 liter of deionized
water. The region to be etched is masked with PVC tape. In the
experiments a stripline obtained from Lawrence Livermore National

Laboratories has also been used.

4.3 LASS-MICROSTRIP ASSEMBLY

The LASS, properly beveled and passivated, is joined onto
the microstrip transmission line, as shown in figure 4.3(a). The
LASS is placed in the gap and between the stripes so that one of its
beveled sides is flat against the dielectric. One end of a copper
strip is soldered to the upper conductor of the transmission line
and the other end is held against the aluminum or tungsten contact
under mechanical pressure.

Another arrangement is shown in figure 4.3(b) where the
LASS is placed on one of the upper conductors, tungsten side down.

One end of a copper strip is soldered to the other upper conductor
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with the opposite end of the copper strip pressed onto the
aluminum contact. To reduce the resistance between the copper
strips and the aluminum or tungsten contacts, silver paint or silver
paste has been applied there, but no noticeable improvement is
observed.

The arrangement of figure 4.3(a) is supposed to be
advantageous, because the current in the upper conductor can flow
in a straight line through the LASS whereas in the arrangement of
figure 4.3(b) the current must go up through the copper strip then
down through the LASS. However, the square pulses obtained
during switching with these two arrangements appears to be the
same. Apparently, the current path is not sufficiently disturbed to
cause a distortion in the waveform, at least not at the voltage and
current density levels which our experiments are conducted under.
Therefore, the arrangement of figure 4.3(b) is used due to its ease

in implementation.

4.4 MEASUREMENT PROCEDURE

The LASS-microstrip assembly is placed into the
measurement setup depicted in figure 4.4. A high voltage source
(Fluke 3kV Power Supply) is applied to the LASS so that it is
reversed biased. We note that the charging leads from the high
voltage source are soldered onto the microstrip line on the top and
bottom. Also, the leads are not soldered at the end of the
microstrip line, but rather near the center of the left side in order
to have a cleaner square pulse at its trailing edge. Otherwise,

there is a noticeable distortion here due to a discharge off of the
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charging leads.

At the opposite end of the assembly we have an SMA
connector (Connecting Devices, Inc). A small piece of copper
connects the bottom side of the microstrip line to the outside
conductor of the SMA connector (figure 4.4). A 50Q coaxial cable is
then attached to the connector with the other end going through an
attenuator to a Tektronix 7834 which has a risetime of ins. The
Tektronix 7S12 unit (risetime of 35 ps) is added on for sampling
measurements. Attenuators are necessary to scale down the high
voltage to a range which the oscilloscope can handle.

Sampling measurements used in this experiment require an
unusual method of triggering. The leading edge of the square pulse
from the LASS has a risetime below 100 picoseconds, which we
want to measure. With the laser firing at a repetition rate of 10
Hz, the generated square pulses are separated by 0.1 seconds.
Normally in sequential sampling, one of these square pulses would
provide the trigger signal for a sampled point on a subsequent
square pulse. The difference in time between the .trigger signal and
the sampled point would be increased in a fixed manner for later
sampled points. All of these sampled points are stored in memory
and displayed on the oscilloscope as a series of dots, which
corresponds to the waveform. The problem with this triggering
scheme is the actual variation in the separation between square
pulses. A laser pulse is fired every time the absorption dye is
bleached, but this does not occur at intervals of 0.1 seconds

exactly. So then the electrical square pulses are not separated by
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exactly 0.1 seconds either. Since the sampling measurement is
made of a signal which is less than 100 picoseconds duration, the
time variation between square pulses is sufficient to randomize
the triggering. The time interval between the trigger signal and
the sampled point cannot be increased in a fixed way. The solution
lies in using the laser pulse itself for the trigger signal. The light
pulse is allowed to pass through a beam splitter (figure 4.4,
insert). One portion goes to a photodetector which is connected to
the trigger of the sampling scope. The other portion is reflected
back and forth between prism mirrors in a time delay manner (75nS
or greater), before the light pulse falls on the LASS. Subsequently,
an electrical square pulse travels to the sampling scope input.

In as much as there is an impedance mismatch between the

microstrip line (characteristic impedance of ~100mQ) and the SMA

coaxial cable (characteristic impedance of 50Q), chip resistors
(Dale) are soldered onto the end of the microstrip line to minimize
reflections and allow the square pulse to pass onto the SMA coaxial
cable with minimal distortion. The chip resistors in parallel make
up a very low resistance which terminates the microstrip line.
This low resistance, which has a value close to the microstrip line
characteristic impedance, is itself in parallel with 50Q which
represents the SMA coaxial cable. Thus, in essence, the square
pulse will see the low resistance for an approximate impedance
match.

An Nd-YAG laser manufacturad by Quantel sends out pulses

of light with a center wavelength of 1.06um to close the switch
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(LASS). A Scientech 362 Laser Power Meter including a calorimeter

for the detector measures the average energy of a pulse to be 20mJ.
The repetition rate of the pulse train is 10Hz and the pulse
duration is 30ps. For the LASS experiments high intensity fast
rising pulses of light are necessary to activate the LASS. These
pulses are generated by the Nd-YAG laser through mode-locking and
Q-switching. A schematic of the laser is shown in figure 4.5.
Mode-locking causes the oscillation modes within a laser cavity to
have a fixed phase relationship with each other. These oscillation
modes will then frequency beat with one another to produce short
pulses. Mode-locking may be acheived by placing an acousto-optic
modulator within a laser cavity. The acousto-optic modulator acts
as a window which opens and closes periodically. Single mode
oscillation and multimode oscillation cannot exist in such a laser
cavity. When the acousto-optic modulator is in its closed cycle
high energy losses occur, preventing any oscillation from building
up. However, a mode-locked pulse can exist in this laser cavity if
the pulse passes through the acousto-optic modulator precisely
when it is open. The time period between successive openings of
the acouto-optic modulator must be the same as the time between
pulses in the pulse train. This is the amount of time necessary for
light to transverse the laser cavity length twice.

Mode-locking may also be acheived through placing a
saturable dye absorber within the laser cavity somewhere along
the optical path. The saturable dye absorber becomes less and less
opaque as the optical intensity increases. Since a mode-locked

pulse will have higher peak intensities (coherent sum) than a
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multimode oscillation with random phase, the existence of a
mode-locked pulse will be favored in such a laser cavity [2].

Both an acousto-optic modulator and a saturable dye are
used in the Nd-YAG laser for mode-locking. Using a saturable dye
alone would require a high dye concentration to stabilize the output
energy and to eliminate misshots, this would result in pulses with
peak intensities sufficient to damage the optical components. A
saturable dye absorber with a low dye concentration may be used
with an acousto-optic modulator to secure the same advantages
without the possibility of damage to the optical components.

Q-switching enables high intensity light pulses to be
produced. The quality factor of a laser cavity is lowered so that
the population inversion, and thus the gain, may be increased to a
high value. The quality factor then becomes its high normal value
as the maximum inversion is approached. The laser oscillation
which follows builds quickly to a high intensity, generating the
light pulse. Q-switching in the Nd-YAG laser is acheived through
the use of the saturable dye. In the beginning, the light passing
through the cavity will have a low intensity so the saturable dye
will be very opaque and dissipate the energy: Increased power
dissipation in the laser cavity means a reduction of Q. Later on, the
light will have a higher intensity which results in the saturable dye
becoming less opaque and a reduction in the energy loss: Decreased
power dissipation in the laser cavity implies an increased Q. Thus,
the Q will change from a low value to a high value. Q-switching
enables a high power light pulse to be produced, so that a

fast-rising electrical pulse may be generated [2]. As discussed
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previously in section 3-2 a short risetime is possible for any
particular current density if the corresponding carrier density is
generated in a short enough time. This requires light energy to be
delivered in a short interval, implying high power. Q-switching is
then the means by which high power is acheived. In the next
chapter, we will see that the laser power is sufficient to generate

an electrical pulse with a subnanosecond risetime.

4.5 DISCUSSION

LASS devices with a breakdown voltage of 1kV at
microamperes leakage current, have been fabricated through the
procedures described in section 4.1. Whether these procedures are
sufficient to enable us to reach the limits of the breakdown voltage
imposed by the manufacturing process remains to be seen. The
placement of the LASS onto the transmission line according to the
arrangement in section 4.3 results in a small enough impedance
mismatch that a subnanosecond risetime pulse can be measured
(see section 5.3). Of course the laser pulse power is consequently
great enough to bring about this result. However, the laser pulse
power impinging on the LASS is reduced by the passage back and
forth among the mirrors because the light spreads out. For future
experiments where greater power is necessary, an area of
exploration might be to use optical fibers to guide the light.

Sampling measurements with the novel triggering scheme
has proven itself to be workable because successive electrical
pulses are sufficiently identical. There had been concerns that

variatior.s n the laser pulse might cause these electrical pulses to
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be different enough with respect to one another so as to preclude
the use of sampling techniques. However, this is not the case since
each laser pulse has more than the necessary energy to close the
switch completely. Otherwise we would need to resort to the more
expensive way to measure picosecond signals with a
multi-gigahertz digitizer. This wculd allow measurements to be
made in real time of one electrical pulse instead of the need to use
information from many pulses as in sampling measurements. We
note also that misshots in the laser do not affect our sampling
measurements, because the sampling is taken only when triggered
by a laser pulse. The measurement techniques and apparatus
described in the previous section have been implemented to obtain

the results in the next chapter.
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CHAPTER 5: LASS EXPERIMENTAL RESULTS

5.0 INTRODUCTION

When the LASS-Microstrip Assembly is placed into the
measurement scheme as described in the previous chapter, various
experiments may be performed. In the next section we describe
some square pulse waveforms generated from the LASS. In
succeeding sections we describe the measurement of the current

density and the risetime of the pulse.

5.1 OBSERVATION OF THE WAVEFORM

To observe the square pulse waveform on the oscilloscope
the transmission line (left side) is charged up to several hundred
voits and a laser pulse closes the LASS. Ideally the pulse shape
would be the same as that shown in figure 5.1. However, the
oscilloscope trace which is reproduced photographically in figure
5.2(a), shows distortions to this ideal case. We note that at point
"a" (figure 5.2(a)), which precedes the leading edge of the sqguare
pulse, there are various voltage peaks. The distortion here is due
to laser prepulse. In practice, the laser pulse does not rise up
suddenly from zero energy; some energy is emitted before the main
body of the pulse. This energy generates some carriers in the LASS,
which allows some current to pass through. Thus, the distortion at
point "a" is the result. Neutral density filters lower the overall
energy of the laser pulse so that most of the prepulse is
eliminated. The main body of the pulse continues to have more than

enough energy to close the LASS after passing through the filters.
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FIGURE 5.2 Current density measurement: (a) oscilloscope trace in real time,
(b) circuit schematic.
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In addition, the back edge of the square pulse (point "b", figure
5.2(a)) shows heavy distortion. As discussed in the previous
chapter (section 4.3), this is due to the positioning of the charging
wires at the trailing edge of the transmission line. Consequently a
discharge of these wires adds a distortion to the trailing edge of
the pulse. Much of this distortion is removed by attaching the
wires near the center of the conductor. Then the square pulse
waveform is much closer to the ideal case when these two changes

are made (figure 5.3(a)).

5.2 CURRENT DENSITY

From figure 5.2(a) the current density may be obtained since
the concern here is the height of the pulse and not its leading or
trailing edge. Figure 5.2(b) is a schematic of the circuit in this
experiment and the Tekironix 7834 (without sampling) is used. The
transmission line is fabricated by a vendor, has a characteristic
impedance of 1.25Q, and is not terminated with this resistance.
Therefore, in as much as the transmission line is joined to a
coaxial cable with an impedance of 50Q, the voltage height will
double at this point. Since the charging voltage is 700V, the square
pulse will have a voiltage of 350V moving down the transmission
line and will double in voltage at the end. The expected measured
voltage will then be 700V. From figure 5.2(a) a value of 500V is
obtained. The 200V difference can be attributed to voitage drops
across the diode and along the transmission line. Also the

transmission factor is not exactly 2, in going from the
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transmission line to the SMA cable ((2x50)/(1.25+50)=1.95;
1.95x350=683V). An approximate value for the current density may
be obtained from equation (3-1), knowing that the diode dimensions

are 1mm by 2mm:

viz (i (500V/2) A
)= i} kA e
% (Wa) = (7250 0.tom(020m) o (&1

The assumption here is the pulse height passing through the LASS
is 250V (500Vv/2). However, this is the value measured at the
oscilloscope. Since there is a voltage drop aleng the transmission
line, from the LASS to the oscilloscope, the actual pulse height at
the LASS would be a value greater than 250V.

If we assume the entire 20mJ laser pulse is absorbed and
generates carriers, the carrier density can be estimated. Assuming
unity quantum efficiency, the number of carriers N is
approximately,

No20x10°0 200107 _ 455107 (502)
eV 4ex107"%

If the thickness of the diode is 0.08cm, then the carrier density is

N 1.25x10""

-3
n= - =7.81x10%m ~ (5-3)
volume (0.08cm){0.1cm)(0.2cm)

However, if we consider the number of states available into which
an electron may be photoexcited in the conduction band by a 1.06um
wavelength laser light, this carrier density is too large. The

number of states per unit volume N, from the conduction band edge

E_ to an arbitrary energy level E, may be calculated in the following

way:
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N - [ME)dE Q@—jEE)E B8IXI0” /3y E )" (5-4)

- 2h'm? ¢ eV’ cm

where N(E) is the density of states [1]. As the energy level E
becomes further removed from the conduction band edge, the
excitation to these higher energy levels becomes more improbable.
After all, the great majority of photons will have an energy close

to the value which is necessary to excite an electron from the

valence band edge to the conduction band edge. Calculating N, for

values of (E-E_) using the above equation,

(E-E,) N,
1kT (0.0256V) 179x10 cm;
2kT (0.050eV) 508x10. cm.
3kT (0.075eV) 932x10" cm

where T is the room temperature. In order for the entire laser

pulse to be absorbed, generating 7.81x10'Scarriers/cm?, electrons

must be excited up to an energy level which is almost 3kT above E_.

This is highly unlikely, given the energy necessary for such an
excitation. If all of the states up to 1kT are used, which is
assumed to be reasonable, only a small fraction of the laser pulse
energy will create carriers. The rest of the energy is wasted. Of
course, all of the energy could be absorbed if the volume of the
device is sufficiently large, but the ratio of the carriers to the
volume (carrier density) would remain the same so this does not
help us in acheiving a higher current density.

We note that before photon irradiation many of the states

near the conduction band edge are already occupied according to the
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Fermi-Dirac statistics, which give the probability of occupancy in
an energy state. Of course this decreases the number of carriers
that can be generated, since the number of states into which an
electron can move is reduced. Also, we assumed in the above that
electrons are oniy excited from the valence band edge. In reality,
after all the electrons are excited from those states at the valence
band edge, excitation must occur from lower energy states within
the valence band. This requires an additional energy for across
bandgap excitation. Since this fowers the maximum energy leve! to
which an electron can be excited, this further reduces the number
of states into which an electron can move in the conduction band.
Assuming when electrons are excited into the conduction
band all of the states up to 1kT are available and assuming a
typical value for the drift velocity, we can apply equation 3-2 and

obtain an estimate of the maximum current density possible:

J=nev_ = (1.79x10"*em™)(16x10"°c)(2x1 06%) -5.713 M (5.5
cm

Thus, when comparing this value with the 10kA/cm? from
experiment we understand that only a small fraction of the carriers
generated are being used.

From equation (3-3) we obtain the switch power density

where V is the voltage in the "open” state:

P=VxJ=(700v)(10 XA .7 MW 5 5
cm cm

If we then multiply this by the area A

Px A=(7¥W)0.1cm)(0.2cm) =0.14 MW  (5-7)
cm




51

This value for the power falls far short of the ten megawatts
demonstrated at Lawrence Livermore National Laboratory, but does
indicate the power handling capacity of the LASS [3]. To obtain a

value for the gain G we must first find the approximate energy of

the pulse Wuw. Using the form of the above two equations to find

the average power P by replacing 700V with the pulse height
avg

250V,
P=250V)(10 K& )~ 25 MW (5
cm cm
P g =P XA= 2.5MY)(0.1cm)(0.2cm) = 005 MW (5-9)
cm

Then from figure 5.2(a) the pulse length is estimated to be 2ns so
that

W = Payg X1y = (50x103W)(2x10%) = 0.1 mJ  (5-10)

HW avg
From the previous chapter th has a measured value of 20md.

Applying equation (3-5)

w _
G-—tw_(04md) 540" (5 14)
th (20mJ)

This value for the gain is obviously many magnitudes smaller than
what is desired. This is not surprising, because of the value in the
denominator. As noted in the above discussion only a small
fraction of the 20mJ will generate carriers, and of the carriers
generated by this energy, only a small portion will participate in
the current flow. Therefore, although 20mdJ is the optical input
energy, much of it is not involved in the production of the output

pulse. Then the output pulse energy is being compared to an input
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energy which is too large. A more reasonable value for the gain
would be obtained if only the fraction of the input energy involved
in the puise generation process is used. The carrier density which

would allow 10 kA/cm? to flow is

2 -3
n= cm =3.13x10 °cm  (5-12)

(1.6x10™"°c) (2x1 osﬁsma

From a previous calculation 20mJ would generate 7.81x10'%cm3 if
all of that energy could be absorbed, so then the energy E which is

necessary to create the carrier density n is

E=(3.13x10°cm*—20M)___ gy10°my (5-13)
(781x10 cm ")
Then using this value for the optical input energy in the equation
for gain,
G=—01m) __455 (514

(8x10°mJ)
Obviously, this gain is much closer to expectations. As higher

power levels are explored we anticipate larger values for the gain.

5.3 RISETIME MEASUREMENT

In figure 5.3(a) the square pulse risetime is measured
through the use of the sampling unit. Figure 5.3(b) shows the
circuit schematically. The length L for a pulse of 1.1ns can be

calculated:

L1 (LD gegit =816 in. (5-15)

e 28

This is close to the actual pulse length of 6 inches as determined
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FIGURE 5.3 Risetime measurement: (a) oscilloscope trace with sampling,
(b) circuit schematic.
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by measuring the transmission line on the left side (figure 5.3(b))
as being 3 inches and then doubling it. The 1.1ns is measured from
the front to the back of the pulse at the point halfway up to the
height. In as much as the length may be measured between two
different points (ie. 0.63 x height), the arbitrary nature of this
choice could account for the discrepancy in the pulse lengths.

The characteristic impedance is calculated from equation

(3-7). The thickness h of the dielectric is 10 miis. or 0.0254 cm.
1201t h 1201[ (0. 0254cml =2950

e W o5 (2cm)

This 2.95Q transmission line is terminated with a resistance of

(5-16)

3.89Q. The 50Q of the SMA cable attached to the end of the
transmission line, is in parallel with the 3.89Q termination so that

in essence there is 3.89Q at the end of the transmission line. The
transmission coefficient is 1.1 (2x3.89/(2.95+3.89)). The
transmission line is charged to 1V. Then the square pulse should
have a voltage height of 500mV when traveling down the line and
after passing onto the SMA cable the voltage should be 550mV
(500x1.1). 600mV is measured in figure 5.3(a) which corresponds
fairly well with 550mV.

From figure 5.3(a) the approximate risetime of the square
puise is 200ps. This value is far greater than the 1ps risetime we
hope to measure in the future, which is possible according to
theory. In fact Bell Laboratories has demonstrated a 25ps risetime
[2]. The laser pulse in our experiments has an energy of 20mJ and a

pulsewidth of 30ps. A subject for future investigation is whether




55

or not there is enough energy delivered in 1ps to close the switch.
If this is not the case, the laser system that is presently being
used would be inadequate to demonstrate a 1ps risetime at any
current density. Also the risetime degradation due to the

impedance mismatch must be sufficiently resolved.

5.4 CONCLUSION

Experiments involving pulse generation with the
LASS-microstrip assembly has resulted in several
accomplishments. A square pulse waveform which is close to the
expected shape has been observed after suppressing the laser
prepulse and altering the transmission line charging method. A
value of 10kA/cm? for the current density has been obtained with
the understanding that only some of the carriers generated are
participating. An indication of the power handling capacity of the
LASS can be seen in the value for the power of 0.14MW. A modest
gain of 12.5 is estimated which is the ratio between the output
electrical energy and the input optical energy. A 200ps risetime is
measured through a sampling technique. Improvements in
technical expertise will lead to better values for tiiese parameters.
We have attempted to measure high current density and fast
risetime separately, because this is easier from a technical
standpoint. Cf course, to demonstrate simultaneously both high

current density and fast risetime is a goal of future research.
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CHAPTER 6: NCLUSION AND PERSPECTIVE
Presently, the LASS-microstrip assembly generates

2 and

electrical pulses which result in a current density of 10kA/cm
a risetime of 200ps. These values illustrate the potential of the
LASS and microstrip line to generate pulses of high current density
and fast risetimes.

As the impedance mismatch between the diode and
transmission line is reduced by improving the connection there (see
discussion below), faster risetimes will be measured. In addition
the power of the laser may be investigated to see what is the
shortest time possible for closing the switch, when the impedance
mismatch is minimized.

To set up a measurement, various connections must be made:
Between the charging cables and the transmission line, the LASS
and the transmission line, and the transmission line and the coaxial
cable. These connections must be made better, because they affect
to a significant degree the electrical pulse that is generated. We
noted in section 5.2 how moving the connection between the
charging cables and the transmission line leads to an improvement
in the pulse waveform. To improve the impedance mismatch
between the LASS and the transmission line, the connection over
there must be modified in some way, which is an area for future
exploration. In section 4.3 we have described how the LASS is
electrically joined onto the transmission line through copper
strips. One end of the copper strip is applied with mechanical
pressure to the LASS. This is not a good coupling. Hot soldering is

unacceptable because the heat might damage the LASS. Different
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possibilities have been tried such as cold solder and silver paint,
but to no effect. Also something other than a copper strip might be
used to enhance the connection. The connection between the
transmission line and the coaxial cable needs to be studied to
reduce any adverse effects due to impedance mismatch such as
degradation of the waveform and energy loss. Chip resistors have
been used to terminate the line in an attempt to obtain a better
impedance match. However, there has been difficulty moving in
this direction in as much as the available chip resistors have
resistance values, larger than desired to create the necessary
resistance by placing several of them in parallel.

As the breakdown voltage of the diode is increased and the
characteristic impedance of the transmission line is reduced, we
anticipate a much higher current density. The fabrication of low
impedance transmission lines forms an interesting technical
problem. There are vendors which provide copper-cladded
dielectrics useful for fabricating high impedance lines, but none
with dielectric thicknesses enabling the creation of a line with a
characteristic impedance below 0.1Q. Therefore, it is necessary to
take a very thin dielectric material and try to metallize both sides
either through evaporation, deposition, or electroplating. The
difficulty here is that these methods are imperfect.

Laser light coupling through the side surface passivation is
acceptable in as much as the passivation layer seems sufficiently
transparent to allow enough light to enter to close the switch. An

investigation can be made of the passivation layer to discover the




59

degree it is transparent to infrared light. Also we need to know if
the passivation layer can be improved to avoid its deterioration
with time. These issues must be resolved on the experimental side.

On the theoretical side, maximization of the current density
and the effect of impedance mismatch and laser power on the
risetime, can be explored through a deeper understanding of the
carrier generation, charge transport phenomena in high electric
field region in silicon. Whether this will lead to agreement with
experimental results remains to be seen.

An issue which will be dealt with later is how to maximize
the absorption efficiency. Theoretically attempts can be made to
better establish the relationship of absorption efficiency to the
material doping and the number of carriers. Experimentally this
relationship can be clarified if the number of carriers can be
ascertained. Since the current density can be measured, the
product of the drift velocity and carrier concentration is known.
The carrier concentration can then be determined if an independent
means is found to obtain the drift velocity. One possibility might
be to use a modification of the Time of Flight measurement
technique [1]. The absorption efficiency can then be optimized with
its relationship to the number of carriers and the material doping
well understood.

Once the various technical problems are resolved, energy
compression with the LASS-microstrip assembly will provide a
source of high-power fast risetime pulses. Wherever such pulses
are needed in various applications, this device can be an

alternative, and possibly an improvement, to whatever previous
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source had been used. In addition this device will open up new
areas of application because of its unique characteristics (high
power with high switching speed). Several of these sources may be
placed together in parallel, in series, or a combiration of both to
generate pulse trains. Pulse trains of different patterns can be
easily realized, because picosecond timing of each source with
respect to one another is no problem. All that is needed is to vary
the length of optical fibers that deliver the laser pulse to each
source. As we mentioned previously in section 2.2, an array of such
sources which are properly timed can produce a microwave burst,
but now at high power levels. So in closing, generation of
high-power fast risetime pulses with the LASS has a very

promising future.
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¢ This program use reference direction as v0-~>[n-i-p)-->load
c e >X
program lass
implicit real *8 (a-h,p-z)
real *8 nd,h,nn,np,na,nii, jnd, jpd,et,id,an(121),ap(121),g9(121)
real *8 n(121),p(121),n1(121),p1(121),n0(121)
real *8 ,p0(121),un(121),up(121),gan(121),gap(121)
real *8 dn(121),ni(121),dp(121),e(121),e1(121),k
real *8 e2(121),3jn,jp,3d, jt,jta,us
character otfile*10,dat*10,type*10
integer i,1,nl
common /e/ t0,sd,q0,k,e0,q,n,p
common /d/ nll,hh,ii

print *,’enter dat.file’

read *,dat

open (unit=10,file=dat,status='0l1ld’)
21 print *,’file name’

read (10,*,end=1011) otfile

open (unit=9,file=otfile,status='new’)

¢ the dielectric and magnetic permittvity for the diode is ’es’ and ‘us’
e0=8.85418d-14*11.9
us=1.255492781d-8

¢ impedance ’z0’ of the stripe
¢ ‘nl’ # of subzones for the one dimensional diode
nl=121
nll=nl-2
c 'q' : unit charge volumn
c "e0’ : dielectric permitivity of the silicon
c 'td’ : device temperature
¢ 'k’ : boltzmann constant
¢ "uni’ : mobility of electrons
¢ 'upi’ : mobility of holes
c ‘ece,ech’ : critical electric field of electron and hole
c "t0’ : time when peak of the incident light is reached
c "sd’ : deviation of the gaussian curve
¢ ’"an,ap’ :impact ionization coefficeint of electron and hole
¢ ‘gan,gap’ :electroun and hole generation due to impact inoization
g=1.6d-19
td=300.
k=1,38066d~23
uni=1350
upi=480
ece=8.d3
ech=2.d4

print *,’enter "tO“’
read (10,*) tO
print *,’enter "FWHM" of laser pulse’
read (10,*) fwhm
sd=fwhm/2./sqrt (log(2.))
print *,’Enter simulation data:’
print *, /e ’
¢ "q0’ : input light intensity
c 'gt’ : # of electron and hole pairs generated for each step
¢ "error’ : error in eaclh step
print *,’input q0='
read (10,*) q0
print *,’input gt=’'
read (10,*) gt
print *,’input error=’'
read (10,*) error
print *,’enter final time "tf"’
read (10,*) tf
print *,’enter z0'
read (10,*) z0

e R




r=z0
‘h' :delta x
*w’ :width of the intrinsic region
fa’ :surface area of the planar diode
‘va’ :applied biasing voltage

print *,’enter width = 2

read (10,*) w

h=w/ (nl-1)

print *,’enter “a%’

read (10,*) a

print *,’enter applied voltage’

read (14,*) va

print *,’q0=‘,q0

print *,'gt=',gt

print *,’error=’,error

print *,7z0= ' ,z0

a0 0n0n

¢ this loop is used to calculate the total amount of electron-hole-
pairs concentration generated within 400ps
do 300 i=1,4000
t=i*1.d~-13
gl=q0*exp (-~ (t-t0) * (£t~t0) *1.d24/sd/sd}
gtol=gtol+gl
300 continue
gnp=gtol*1l.d-13
print 1040,gnp,w
1040 format (‘g.of.np=',e9.3,3x, 'pnwidth=',e9.3)
initial condition for depletion region:
'nd’, 'ni’ and ’'na’ are the backing doping concentrations for the
n-region, i-region and p-region respectively
n=p=0 when time at zero
print *,’enter nd’
read (10,*) nd
print *,’enter na’
read (10,*) na
print *,’enter ni’
read (10,*) nii
¢ For different biasing voltage, the intrinsic region can be either
fully depleted or partially depleted.
¢ I. for completely depleted intrinsic region:
if (va .ge. q/2/e0*(nii+nii*nii/na)*w*w) then
aa=nd+nd*nd/na
b=2*{nd+2*nd*nii/na) *w
c=~2*e0*va/g+(nii+nii*nii/na) *w*w
xn=(~-b+sqrt (b*b-4*aa*c))/2/aa
xp=nd/na*xn+nii/na*w
nn=xn*nd
np=xp*na
print *,’P-I-N’
¢ equivalent surface charge in the n-i boundary
print *,’nn='_ xn*nd
¢ equivalent surface charge in the i-p boundary
print *,’'np=’,xp*na
¢ 'xn’ :n-depletion region width
print *,/xn=',xn
¢ ‘xp’ :p-depletion region width
print *,’xp=’, xp
print *,xn,’ ’,q*nd*xn/el
print *,w+xn,’ ’,q*na*xp/el
print *,wixn+xp,’ 0
c initial value

Q000

enn=nn*q/el
*g/a




————

e(i)=((epp~enn)*(i-1))/(nl~1l)+enn
ni(i)y=nii
10 continue
et=0.
do 30 i=1,nl
print *,e (i)
n(i)=0.
p(i)=0.
n0(i)=0.
p0(i)=0.
gan(i)=0.
gap (i)=0.
g(i)=0.
el (i)=e (i)
et=et+e (1)
x=e (i) /ece
X=14+x*x
¥=sqrt (x)
un (i)=uni/x
x=1+e (i) /ech
up (i) =upi/x
dn(i)=k*td*un(i)/q
dp (i)=k*td*up(i)/q
30 continue
v0=(et-enn/2-epp/2) *h
print *,’v0= ‘,v0
print *,’ ’
print *,7 7
¢ II. for the partially depleted intrinsic region
else
type="pn’
wl=sqgrt (2*e0*va/q/ (nii/na+nii}}
xp=wl*nii/na
np=xp*na
print *,’P-1’
print *,’np=’,xp*na
print *,'xn=',wl
print *,xp,’ ‘,g*na*xp/el
print *,wl+xp,’ 0O
c initial value
np=xp*na
epp=np*q/el
enn=0,
do 12 i=1,nl
if ( (nl-i)*h .ge. wl ) then
e(i)=0.
ni(i)=nii
else
e(i)=(1-(nl-i)*h/wl) *epp
ni(i)=nii
end if
12 continue
et=0.
do 31 i=1,nl
print *,e(i)
n(i)=0.
p(i)=0.
n0(i)=0.
p0(i)=0.
gan(i)=0.
gap (i)=0.
g{i)=0.
el(i)=e(i)
et=et+e (i)

x=e (1) /ece

______'\*




x=sqgrt (x)
un(i)=uni/x
x=1+e (i) /ech
up (i)=upi/x
dn(i)=k*td*un(i)/q
dp(i)=k*td*up(i)/q
31 continue
Xn=1d-8
v0=(et-enn/2-epp/2) *h
print *,’v0= ’,v0
print *,¢ =
print *,’
end if

id=0
count=0.,e-12
nc=0

5 if (t .gt. tf) go to 3
¢ "time'’ subroutine is used to determine the ’dt’ for a given
¢ generation ’'g’
call time(t,dt,qg,gt,nnn)
9 do 302 i=1,nl
n(i)=n0 (1)
p(i)=p0 (i)
e(i)=el(i)
302 continue
nec=nc+1l
¢ calculate n and p bye the ‘continuity equation’
1 do 14 i=2,nl-1
pl(i)=(dp (i) *(p(i+1)+p(i-1))*dt/h/h+(g(i)+gan(i)+gap(i))*dt+
* p0(i)-di(l,dp,i)*p(i-1)/h*dt+up(i~1)*e(i-1) *p(i-1)/h*dt)/
(1+2*dp (i) *dt/h/h+
* up (i) *e(i)/h*dt-di(1,dp,i)/h*dt)

*

nl(i)=(dn(i)* (n{i+1)+n(i-1))*dt/h/h+(g(i)+gan (i) +gap(i)) *dt+
* n0 (i) +d1(2,dn,i) *n(i+1l) /h*dt+un (i+1) *e (i+1) *n(i+1) /h*dt)/
(1+2*dn (i) *dt/h/h+
* un(i)*e(i)/h*dt+d1(2,dn,1i)/h*dt)
14 continue
¢ boundary condition
pl(1)=((g(1)+gan(l)+gap (1)) *dt+p0(1))/

*

* {(l+up (1) *e (1) /xn*dt)
nl(l)=((g(l)+gan(l)+gap (1)) *dt+n0 (1)

* +d1(2,dn,1)*n(2)/h*dt+un(2) *e (2) *n(2) /h*dt) /

* (l+un(l)*e (1) /h*dt+dl (2,dn, 1) /h*dt)
pl(nl)=((g(nl)+gan(nl)+gap(nl)) *dt+p0(nl)

* +(-dl(1,dp,nl)+up(nl-1)*e(nl-1))*p(nl-1)/h*dt)/

* (1+up (nl) *e (nl) /h*dt-dl (1,dp,nl)/h*dt)
nl{nl)=((g(nl)+gan(nl)+gap(nl))*

* dt+n0(nl))/ (l1+un(nl) *e(nl)/xp*dt)

¢ check convergence of n,p with nl,pl

check=0.
total=0.
do 7 i=1,nl

en=n(i)-nl (i)

ep=p(i)-pl (i)
check=max (check, abs{(en/nl(i})))
check=max (check, abs (ep/pl(i)))
p(i)=pl (i)

n{i)=nl (i)
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total=total+(p(i)-n{i))*h
7 continue
total=total-{p(nl)+p(l)-n(nl)~n(l))/2*h
total=total+(p(1l)-n(l)) *xn+(p(nl)-n{nl)) *xp
c calculate the corresponding electric field for a given n and p.
¢ electric field were calculated by the Maxwell equation
111 checkl1=0,
do 60 i=1,nl
et=0.
va=v0-(e(nl)+e(l))*h/2
do 70 j=2,nl-1
et=et+e (3)
70 continue
if (i .eq. 1) then
e2(l)=((va-(et-e(l))*n)/2./a/x
* +e0*el(l)/dt)/
* {(g*(un{l) *n(1l)+up(1l) *p (1)) +e0/dt+h/2./a/x)
else if (i .eq. nl) then
e2(nl)=((va~(et-e(nl))*h)/2./a/r

* +eQ*el (nl)/dt)/
* {(g* (un(nl) *n (nl) +up(nl) *p(nl) ) +e0/dt+h/2./a/r)
else
e2(i)=((va-(et-e(i))*h})/2./a/x~g* {dn(i)*dl(2,n, i)~
* dp(i)*dl(1,p,i))+e0*el(i)/dt)/
* (g*(un(i) *n(i)+up(i)*p(i))+eQd/dt+h/2./a/r)
end if

ee=e (i) -e2 (i)
checkl=max {checkl, abs (ee/e2!{i)})
e(i)=eZ (i)
60 continue
if (checkl .gt. 14-13) go to 111

¢ check the convergence of the electric field.
et=0.
do 100 i=2,nl~1
et=et+e2 (i)
ee=e (i) ~e2 (1)
check=max (check,abs (ee/e2(i)))
100 continue
sign=v0-(et+e(1l)/2+e{nl)/2)*h
do 120 i=1,nl
x=e (i) /ece
X=1+x*x
x=8qrt (x)
un (i)=uni/x
x=1+e (i) /ech
up (i) =upi/x
dn(i)=k*td*un(i)/q
dp(i)=k*td*up(i)/q
an(i)=e(i)/3.6%exp(~1.954d6/{e (i) *{1+e(i)/1.0634d5)+1.357d4))
ap(i)~e(i)/5.0*%exp(~3.091d6/(e(i) *(1+e(i)/1.11d5)+1.5454d4))
1290 continue
do 133 i=2,nl-1
gan(i)=an{i)* (+dn(i)*d1(2,n,i)+un(i) *e (i) *n(i))
gap(i)=ap (i) *(-dp(i) *dl(1,p,i)+up(i) *e(i) *p(i})
133 continue
gan(l)=an(l)*un(l)*e{l) *n(1)
gap{l)=ap(1l)*up(l)*e (1) *p(1)
gan{nl)=an({nl) *un{nl) *e{(nl) *n(nl)
gap{nl)=ap{nl)*up(nl)*e (nl) *p(nl)
print *,’sign’,sign
print *,° /
if (check .lt. error) go to 2
go to 1

2 jta=0.
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0000

*jn’ :electron current
f4p’ :hole current
*jt’ :total current
the current were calculated by the current density equation
do 191 1=2,nl-1
jn=q* (dn (1) *d1(2,n,1l)+un(l) *e(l) *n(l))
jp=q* (-dp (1) *d1(1l,p,1l)}+up(l) *e(1l) *p (1))
jd=e0* (e (1) ~el (1)) /dt
jnd=g*un(l) *e (1) *n (1)
jpd=q*up (1) *e (1) *p(1)
jt-jg+jp+jd
jta=jt+jta
191 continue
print *,’total=’,total
id=49ta/ (nl-2) *a
print *,’time=’',t,’ id=',id
if (check .lt. error) go to 4
go to 9
4 do 200 1=1,nl
n0(1)=n(1)
pO(1l)=p(l)
el(l)=e (1)
200 continue
vout=id*z0
plus=2d-12
if ( t .ge. count) then
if (¢t .gt. 50.e-12) then
plus=4.e-12
end if
if (t .le. 10.e-12) then
plus=4.e-12
end if
count=count+plus
print *,’ '
write (9,1111) t,vout
1111 format (2 el2.4)
do 500 i=1,nl
write (9,1001) i,e(i),n(i}),p(i),an(i),ap(i),gan(i)*dt,gap(i)*dt
1001 format (1x,i3,7 el1l0.3)
500 continue
write (9,1002)
1002 format (7x, ‘rd’,8x%x,’'Vout’, 8%, Iout’, 5%, 'Power out’)
write (9,1003) va/id-z0,vout, id, id*vout
1003 format (4 ell.4/)
print *,’time= ’,t,’ vout=’,vout
print *,’ '
end if
go to 5
3 close (9)
go to 21
1011 close (10)
end
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subroutine time(t,dt,qg,gt,nnn)
implicit real *8 (a~-h,p-z)
real *8 k,g(121),n(121),p(121)
common /e/ t0,sd,q0,k,e0,q,n,p
common /d/ nl,hh,ii

dt=0

dt0=1d-12

nnn=0

plus=2d-12

if (¢t .ge. 50.e-12) then
plus=2d-12

end if




1 dt=dt+dt0
nnn=nnn+1
eg=q0*exp (- (t+dt-t0) * (t+dt-t0) *1.d24/sd/sd) *dt-gt
if (dt .ge. plus) gu to 4
if (eg .1t. 0.) go to 1

4 t=t+dt
do 20 i=1,nl+2

C ***** you can do any modification about ‘g’ here ****xx
g(i)=g0*exp(-(t-t0)*(t-t0)*1.d24/sd/sd)

20 continue
return
end

¢ 'dl’ first order differential operator
function dl(n,£f,1i)
real *8 £(121),h,hh,dl
integer i,s,n
common /d/ nl,hh,ii

s=0

h=hh

if (n .eq. 1) then
dl=(f(i)-£f(i~1))/h

else
dil=(f(i+1)-£(i))/h

end if

return

end

¢ 'd2’ second order differential operator
funetion d2(f,1i)
real *8 £(121),h,d2,hh
integer i, s
common /d/ nl,hh,ii

s=0
h=hh
if (i .eq. 1) then

d2= (£ (i+2)~-2*£(i+1)+£f(i))/h/h
else if (i .eq. nl) then

d2=(f (1)~2*£(i~-1)+£(i-2))/h/h
else

d2=(f (i+1)-2*£(i)+£(i-1))/h/h
end if
return
end




